Abstract In this work, we investigate the longitudinal patterns of thermospheric zonal winds (~400 km) and their seasonal and solar activity dependence using CHAllenging Minisatellite Payload cross-track wind data and Thermosphere Ionosphere Electrodynamics General Circulation Model (TIEGCM) simulations. CHAllenging Minisatellite Payload data show that there are large longitudinal variations in thermospheric zonal winds. These longitudinal variations do not have significant solar activity dependence. In the northern hemisphere at low and middle latitudes, the daytime zonal winds are more westward between À90°a nd 90°longitudes and more eastward at other longitudes. The nighttime zonal wind direction with pattern is opposite to that in the daytime. In the southern hemisphere at low and middle latitudes, the local time variation of the longitudinal wind structure, including positive and negative peak locations, is almost the reverse of that in the northern hemisphere. Thus, the zonal wind patterns also show great hemispheric asymmetry. In addition, the longitudinal patterns of zonal winds in both hemispheres show seasonal variations. The longitudinal patterns during the June solstice are significantly different from those in other seasons. These observational results are well reproduced in TIEGCM simulations. To elucidate the physical processes responsible for the observed and simulated longitudinal patterns of the zonal winds, the TIEGCM is also run for different geomagnetic field configurations. A comparison between the TIEGCM results shows that geomagnetic field structure is the main cause of the large longitudinal variations of thermospheric zonal winds and their local time, hemispheric asymmetry, and seasonal changes at low and middle latitudes.
Introduction
In the coupled ionosphere-thermosphere (I-T) system, thermospheric winds play an important role in defining the global I-T structure and its variability. For instance, they can influence ionospheric structure through moving plasma along geomagnetic field lines (Rishbeth, 1967) , ion drift generated by the wind dynamo (Blanc & Richmond, 1980) , and ion-neutral interaction (Richmond et al., 1992) . Thus, understanding the behavior and variations of thermospheric winds is critical to the study of the dynamics of the I-T system and for the improvement of near-Earth space weather modeling and forecast.
Thermospheric winds have been studied extensively over the years by using space-and ground-based observations, such as those from the CHAllenging Minisatellite Payload (CHAMP) satellite (e.g., Häusler et al., 2007 Häusler et al., , 2010 Lieberman et al., 2013; Lühr et al., 2007; Wang & Lühr, 2016; Xiong et al., 2015) , the Wind Imaging Interferometer onboard the Upper Atmosphere Research Satellite (e.g., Emmert et al., 2001 Emmert et al., , 2002 , FabryPerot interferometer (FPI) observations from the Dynamics Explorer (Killeen et al., 1992) , the TIMED Doppler Interferometer (TIDI) on the Thermosphere Ionosphere Mesosphere Electrodynamics and Dynamics (TIMED) satellite (Oberheide et al., 2009 (Oberheide et al., , 2011 , and from ground-based FPI observations (e.g., Deng et al., 2014; Emmert et al., 2006; Liu et al., 2006; Wu et al., 2008 Wu et al., , 2014 , and physics-based models simulations, such as coupled magnetosphere-ionosphere-thermosphere model , TIEGCM (e.g.,
The nonmigrating features in the zonal winds at equatorial regions have been investigated, which propagate upward from the lower atmosphere (e.g., Forbes et al., 2014; Häusler et al., 2007 Häusler et al., , 2010 Häusler et al., , 2013 Häusler et al., , 2015 Häusler & Lühr, 2009; Liu et al., 2006; Oberheide et al., 2009) . Taking advantage of TIEGCM (Thermosphere Ionosphere Electrodynamics General Circulation Model) simulations and FPI and CHAMP observations, Liu et al. (2006) explored the different roles of a number of physical mechanisms, such as solar activity and geomagnetic activity levels, on zonal winds in equatorial upper thermosphere. They considered both the zonal winds and zonal ion drifts together as they are all dependent on solar flux and suggested that the wind dynamo process in the E and F layers is very important in I-T coupling. Based on three years of CHAMP wind data (2002) (2003) (2004) , Häusler et al. (2007) have done a comprehensive exploration on the longitudinal dependences of zonal winds near the geomagnetic dip equator. For the first time, they found there was a wave-4 longitudinal structure of zonal winds in equinoxes in the upper thermosphere. The wave-4 features were related to the strong wave number 3 (DE3) nonmigrating tidal component, which was noticed by Häusler and Lühr (2009) . Using TIMED and CHAMP observations and a physical-based empirical fit model, Oberheide et al. (2009) found that the derived DE3 amplitude of zonal winds showed a solar flux dependence, which was consistent with the findings of Häusler et al. (2007) . The DE3 amplitude increased from 3 m/s in 2002 at high solar activity to 7 m/s in 2005 at medium solar activity and that the largest amplitude occurred in September, which was reported by Häusler et al. (2010) . Häusler et al. (2010) performed a comprehensive comparison of CHAMP and TIME-GCM nonmigrating tidal signals in the thermospheric zonal winds at equatorial regions for a day in March, June, September, and December. They found that the simulated DE3 compared favorably with the observations. Both model and observations showed an increase in DE3 amplitudes with decreasing solar activity level. Häusler et al. (2013) found that the magnitude of the DE3 zonal winds at the equator increased by about a factor of 2 from 2005 to 2009. Other nonmigrating tide components, such as DE2, S0, SE1, SE2, and SE3, were also likely to have a greater impact on the magnitude and longitudinal patterns during low solar activity (Forbes et al., 2014) .
At middle and subauroral latitudes, the magnetic field configuration is very important in the longitudinal difference in the zonal winds. Very few work have been devoted to understanding the longitudinal difference (e.g., Roble & Dickenson, 1974; Wang & Lühr, 2016; Wu et al., 2012 Wu et al., , 2014 Xiong et al., 2015) . A threedimensional, semiempirical dynamic model of the neutral thermosphere was used by Roble and Dickenson (1974) in their studies. They found that neutral winds at 42°N geographic latitude were different in most longitudes between the simulations when the geographic and geomagnetic poles were coincident and the simulations when the two poles were displaced. Thus, the geomagnetic field plays a role in regulating the neutral winds. Wu et al. (2014) examined zonal wind observations from three FPIs in U.S. (Boulder: 40°N, 105°W, 49°N geomagnetic latitude [MLAT] ) and China (Xinglong: 40°N,115°E, 34°N, MLAT; Kelan: 39°N, 112°E, 33°N MLAT) under different geomagnetic conditions, and they revealed that zonal winds may behave differently at different longitudes. They showed that zonal winds observed in Boulder turned westward earlier and had a larger diurnal variation than the zonal winds seen at the Chinese stations during geomagnetic quiet conditions. They found that the zonal wind variation is not directly induced by the ion drag force but is strongly influenced by the auroral pressure gradient. At higher geomagnetic latitudes, Joule heating near the auroral oval plays an important role in the wind diurnal variation. Xiong et al. (2015) analyzed the nonmigrating tidal signatures in both the thermospheric air mass density and the zonal wind from CHAMP and GRACE observations. They found that the most prominent tidal components in both air mass density and zonal wind are D0 and DW2 and the semidiurnal tides SW1 and SW3 in both hemispheres. However, they did not propose which processes were responsible for the longitudinal differences in the midlatitudinal zonal winds. Wang and Lühr (2016) studied the longitudinal variation of zonal winds at subauroral regions in different seasons and solar activities by using both the CHAMP cross-track wind data and GITM simulations. They found that there is a prominent wave-1 longitudinal pattern in the northern hemisphere, which has a strong diurnal variation. In the daytime, a peak of wind speed occurs over the Pacific Ocean, whereas in the nighttime European region shows a wind velocity peak. The longitudinal pattern in the southern hemisphere is directly opposite to that in the northern hemisphere, which persisted for the whole year. They suggested that the structure and variation are independent of solar activity. They revealed the different roles of many factors (e.g., pressure gradient, ion drag, viscous drag, and Coriolis force) on the longitudinal variation of zonal winds at midlatitudes. However, no model simulations and observations have been used to study the longitudinal variations in the zonal winds at midlatitudes and equatorial regions in a separate way. As the dominate mechanisms might be different at middle and lower latitudes, it is better first to study these two regions separately. In addition, our work can contribute to understand the physical transporting processes of zonal winds from middle to lower latitudes. Previous model studies have investigated the effects of geomagnetic field structure (Jones et al., 2013; Wang & Lühr, 2016) on the thermosphere and ionosphere dynamics. By using Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation Model simulations at September equinox, Jones et al. (2013) studied in great singular the generation of the nonmigrating tides by the ion-neutral coupling processes in the thermosphere and compared them to those propagated from the lower atmosphere. They found that the in situ ion drag source is most important during solar maximum, while the upward propagating nonmigrating tides of tropospheric origin are dominant at solar minimum. These model results were needed validations by using observations. In addition, their work was about the wave-4 longitudinal features in the equatorial regions and nonmigrating tidal components (i.e., DE1, D0, DW2, SE1, S0, and SW1) at higher latitudes. The midlatitude features were covered and were not separately studied. Based on GITM simulations, Wang and Lühr (2016) investigated the longitudinal variations of the zonal winds at subauroral regions (50°-60°) and they found that the magnetic field geometry could explain the zonal differences of the neutral winds. In the present work, the effect of the geomagnetic field geometry on the longitudinal variations in the zonal winds at midlatitudes and equatorial regions will be investigated separately.
There have been no systematic studies on the local time, seasonal, and solar cycle variations in the longitudinal structures of thermospheric winds at both magnetic midlatitudes, the equatorial ion anomaly (EIA) region, and equatorial regions both numerically and observationally, which is worth examining for a completeness to the previous work. Thermospheric zonal winds can be strongly influenced by term force, for example, pressure gradient, ion drag, Coriolis, and viscosity, all of which may have strong longitudinal variations and seasonal and solar cycle dependences. For instance, there is a strong longitudinal variation in the geomagnetic field configuration, which can lead to a strong longitudinal variation in ionospheric electron densities and ion drag. In addition, beyond the consideration of the upward propagation of the nonmigrating tidal effects, we aim to demonstrate clearly the role of geomagnetic field configuration on the longitudinal structure of zonal winds at both equatorial, EIA, and midlatitudinal regions. The roles of geomagnetic field geometry have been studied by model simulation (Jones et al., 2013) but never studied by combining observations with simulations. In this work, the main focus is the longitudinal patterns of zonal winds, and their main cause, as will be shown later, is the geomagnetic field configuration at low and middle latitudes, which do not show large solar activity dependence. In the equatorial region, the effects of nonmigrating tides can be significant and show solar cycle variability, as reported by Häusler et al. (2010) and Jones et al. (2013) .
Thus, for the completeness of this work, we carry out a statistical study of the longitudinal variation of zonal winds observed by the CHAMP satellite and simulated by the TIEGCM. In CHAMP observations, we investigate this variation in the midlatitudes, EIA, and equatorial regions under different seasons and solar activity conditions (high solar activity: F 10.7 ≥ 160; medium solar activity: 100 ≤ F 10.7 < 160; and low solar activity: F 10.7 < 100) for magnetically nondisturbed conditions (Kp < 4). In order to investigate the possible mechanisms that play important roles in the longitudinal structure of zonal winds, the TIEGCM has been run for different solar activity conditions and seasons with different geomagnetic field configurations. The layout of this paper is as follows: CHAMP data and model simulation details are described in section 2, statistical data results from observations and model simulations are given in section 3, possible mechanisms for the longitudinal variations of zonal winds are discussed in section 4, and the findings of this study are summarized in section 5.
Data and the Model
The orbit of the CHAMP satellite was near-polar (87.3°; Reigber et al., 2002) , and the initial altitude was 460 km, decreasing to~400 km in 2005 and~300 km in 2008. In the middle and low-latitude regions, the orbit was almost along the geographic meridian. The cross-track wind data from the CHAMP satellite are thus mostly in the zonal direction and equivalent to the neutral zonal winds. Thus, the cross-track wind data between 2001 and 2009 can be used to analyze the longitudinal pattern of the zonal winds for different solar activity levels (high, medium, and low) during magnetically nondisturbed conditions (Kp < 4). In order to investigate the seasonal and local time differences, a time interval of 121 days is needed to cover all 24 hr of local time. Note that data from ascending and descending nodes are combined together in our analysis. The center of the time interval is placed on the solstice days for June and December, respectively. The June solstice is from day of year (DOY) 112 to DOY 232. In the December solstice, it ranges from DOY 295 to DOY 365 (366) and DOY 1 to DOY 50 (49). The remaining days in a year are used as the equinoctial season (March and September equinox together) to avoid the overlap between the solstice and equinox. As we have found in the observations (figures are not shown here), the large-scale longitudinal pattern of the zonal winds in the March equinox is very similar to that in the September equinox. Thus, we bin the data together in our statistical studies. Figure 1 shows the local time variation of the CHAMP satellite orbits with day of year in [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] , binned based on solar activity conditions (high solar activity: F 10.7 ≥ 160; medium: 100 ≤ F 10.7 < 160; low: F 10.7 < 100). It takes about 120 days for each solar activity level to cover the full 24-hr local times. In this work we investigate the longitudinal variation of the zonal winds in the midlatitudes (from ±30°to ±50°geomagnetic latitude [MLAT] ), the EIA (between ±10°and ±30°MLAT), and the equator region (between À10°and 10°MLAT). Furthermore, the cross-track wind data are sorted into geographic longitude (GLON) and local time (LT) bins with a resolution of 20°in GLON and 3 hr in LT. In addition, we processed the CHAMP data according to the orbit-by-orbit method to investigate the longitudinal pattern (figures not shown), and the results are similar in large-scale to ours shown in this work. The total number of cross-track wind data points in each bin in the equatorial region during the June solstice at low solar activity is shown in Figure 2 . The average data number in each bin is about 600-1,000. In addition, the data number is about 400-600 and 150-350 during medium and high solar activity condition, respectively. The number given is the total number of data points in each bin, instead of average, over a period of 121 days in [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . This ensures the statistical significance of our analysis. In this study we used the median of the cross-track wind data in each bin for our analysis. In our results, the large-scale (i.e., thousands of kilometers) longitudinal variations of the zonal wind peaks are significant. The local time variations of the longitudinal structures of zonal winds are also evident. Thus, we do not use 2D FFT method to obtain wave spectrum information, which is not the focus of the current study, although 2D FFT is very valuable for wave analysis.
The TIEGCM is a first principles model of the coupled thermosphere and ionosphere. The model is driven by a high-latitude electric field (Heelis et al., 1982) , solar EUV, and UV spectral fluxes parameterized by the F 10.7 index (Richards et al., 1994) . The horizontal resolution of the TIEGCM is 2.5°in geographic latitude (GLAT) by 2.5°in geographic longitude (GLON), with 57 pressure levels extending from À6.875 (about 97 km) to 7.125 (about 700 km). The vertical resolution is 1/4 scale height. The input parameters for the model are auroral hemisphere power, cross polar cap potential, and the F 10.7 index, which are shown in Table 1 for different solar activity conditions. With the exception of F 10.7 values, other model input parameters are kept the same for all model runs in this work. The lower boundary forcing of the model can be specified by using either the GSWM model (Hagan & Forbes, 2002 , 2003 or the derived tides from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) and TIDI observations. In the present work, Figure 1 . Local time distribution of CHAllenging Minisatellite Payload orbits for (left) low (F 10.7 < 100), (middle) medium (100 ≤ F 10.7 < 160), (right) high solar activity (160 ≤ F 10.7 ) conditions. The red, green, and blue circles; red, green, and blue stars; and red, green, and blue squares are for 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, and 2009, respectively. 
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Journal of Geophysical Research: Space Physics data from TIDI/SABER are used as low boundary conditions, which include both the migrating and nonmigrating tides (Wu et al., 2006 (Wu et al., , 2012 . Thus, the lower boundary of the TIEGCM is specified using the observations in the same time period as that of the CHAMP data. Model lower boundary conditions are thus based on observations. The model is run for 20 days to reach a diurnally reproducible steady state, then hourly simulation results are used for the analysis. The zonal winds are sorted into a grid of 15°GLON by 5°MLAT and 1 hr LT bins in the altitude of 400-450 km, not along the satellite track. All model runs are done for two cases, one with the geomagnetic field specified by the IGRF (case 1) and the other with a pure dipole geomagnetic field with its axis aligned with the Earth rotation axis (case 2). These runs are carried out to investigate the seasonal and solar activity dependence of the longitudinal structure of zonal winds and the geomagnetic field configuration effect on the zonal wind longitudinal structure. A total of 12 runs are executed for each case under different season and solar activity conditions. Similar to the observations, we also sort the simulations into three seasons: (1) 
Results

CHAMP Observations
The top panel of Figure 3 shows (Xiong et al., 2015) , as the middle and bottom panels of Figure 3 show. We are not sure whether we are using the same version of the data as previous work (Häusler & Lühr, 2009 ). However, this does not have large impacts on our study, as we are interested in only the relative changes of the zonal winds and median values are used in our analysis (figures not shown). Thus, we use CHAMP data from 2001 to 2009 to carry out our analysis. From these figures, we can see that the local time coverage of CHAMP orbits has a period of about 120 days. Thus, a period of 120 days is needed to cover all 24 hr of local time. Note that the local time of CHAMP orbits has a different coordinate system for the cross-track wind data in this plot. They only share the common x axis for the DOY.
Figures 4-6 show the longitudinal structures of zonal winds in equinox and June and December solstices, respectively. These structures are obtained by subtracting the zonal average from the mean values in each local time bin (Xiong et al., 2015) , which are similar in large-scale to that removing the background by the orbit-by-orbit method  figures not shown). We first examine the longitudinal structure of zonal winds under the low solar activity condition (Figures 4a-4e ) during equinox. In Figure 4a , in the daytime (06-18 LT), a positive velocity peak (eastward) is located in À180°to À90°GLON and 90°to 180°G LON. A westward velocity peak occurs in the remaining longitude region (À90°to 90°GLON). The Journal of Geophysical Research: Space Physics magnitudes of the longitudinal structure are about 50 m/s in the eastward and 34 m/s in the westward directions. In the nighttime, an eastward velocity peak appears in À90°to 90°GLON. A westward peak occurs over the remaining longitudes for a magnitude of about 30 to 40 m/s. The longitudinal variations of zonal winds in the daytime are opposite to those in the nighttime. Therefore, in À90°to 90°GLON, a westward peak of winds low (F 10.7 < 100), (middle) medium (100 ≤ F 10.7 < 160), (bottom) high (160 ≤ F 10.7 ) solar activity conditions. The left to right columns are the longitude variations of zonal winds in the midlatitude (30°-50°MLAT, first column) and equatorial ion anomaly (EIA; 10°-30°MLAT, second column) regions of the northern hemisphere; the equator region (À10°-10°MLAT, third column) and EIA (À30°to À10°MLAT, fourth column), and midlatitude (À50°to À30°MLAT, fifth column) regions of the southern hemisphere, respectively.
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Journal of Geophysical Research: Space Physics occurs in the daytime and an eastward peak appears in the nighttime. In the remaining longitudinal sectors, an eastward velocity peak exists in the daytime and a westward peak occurs in the nighttime. In Figure 4e , it seems that the longitudinal structures of the zonal winds are very different from those in the northern hemisphere. In the midnight-noon sector (00-12 LT), a westward velocity peak occurs in À90°to 90°GLON and an eastward velocity peak occurs in other longitudes with magnitudes of about 55 m/s (eastward) and 78 m/s (westward), respectively. On the other hand, from noon to midnight (12-00LT), the longitudinal structure is 
Journal of Geophysical Research: Space Physics directly opposite to that in the midnight-to-noon sector (00-12 LT). In À90°to 90°GLON, an eastward velocity peak locates in the 12-00 LT sector and a westward peak is at other local times. However, in other longitudes, the diurnal patterns of zonal winds are entirely opposite to that in À90°to 90°GLON. Thus, there is an obvious hemispheric asymmetry in the longitudinal structures of zonal winds in the midlatitudes. The longitudinal structure in the northern hemisphere appears to be roughly opposite to that in the southern hemisphere.
In the EIA regions of the two hemispheres (Figures 4b and 4d) , the longitudinal variation of the zonal wind is similar to that at higher latitudes for each hemisphere with a smaller speed of about 20-30 m/s in the northern hemisphere and 30-50 m/s in the southern hemisphere. Note that all the wind speeds and direction discussed here and hereafter are relative to the zonal mean for each latitude band, not the actual zonal wind speed and direction.
In the equatorial region (Figure 4c ), the longitudinal structure of the zonal winds is more complicated. It appears to have four longitudinal peaks for almost all the local times. The four-peak longitudinal structure might be induced by nonmigrating tides (Hagan & Forbes, 2002; Häusler & Lühr, 2009 ). The magnitude of the longitudinal variation of zonal winds in the equatorial regions is about 20 m/s in both westward and eastward directions at 400 km, consistent with that in Häusler and Lühr (2009) . It is much smaller than that in the EIA and midlatitude regions.
Compared with the top panels in Figure 4 , the longitudinal structures of zonal winds in the middle and lower latitude regions under both medium and high solar activity (the middle and bottom panels in Figure 4 ) conditions are similar to those at low solar activity for both hemispheres (Jones et al., 2013) . The longitudinal structure does not vary significantly with solar activity either. Thus, solar activity has little influence on the longitudinal variation of zonal winds. Therefore, it is statistically suitable for us to bin the longitudinal difference data together for all solar activity levels in equinox. The newly binned equinox results are shown in the top panels of Figure 7 .
For the June solstice case shown in Figure 5 , the longitudinal variation of zonal winds in the midlatitudes (Figures 5a and 5e ) is similar to that in equinox for both hemispheres. However, in the lower latitudes, the longitudinal structure of zonal winds is different from that in equinox. In the EIA region of the northern hemisphere (Figure 5b) , the difference of the zonal winds with respect to the zonal mean is eastward for almost all the local times near À90°GLON. The maximum magnitude of the longitudinal variation is about 41 m/s. A westward relative velocity peak occurs in the daytime at À20°to 90°GLON. The peak relative speed is about 32 m/s at 15 LT and À20°GLON and 40 m/s at 03LT and 90°GLON. In the EIA region of the southern hemisphere (Figure 5d ), in the time interval of 00-12 LT, there are two longitudinal sectors that show eastward relative velocities (with respect to the zonal mean of the zonal winds); one occurs in À180°to À90°GLON with a maximum speed of about 30 m/s, and the other near about 90°GLON, but with a much smaller relative velocity. A westward relative wind is seen in À90°to 90°GLON , with a magnitude of~20 m/s. In the local time sector of 12-00 LT, two eastward relative velocity peaks occur in two longitude sectors (90°GLON and  À90°GLON) . Two westward peaks occur around 0°and~180°GLON. The maximum relative wind speeds in this local sector are about 18 m/s for eastward and 19 m/s for westward relative winds, respectively. In the equatorial region (Figure 5c ), an eastward velocity peak occurs at almost all local times in the longitude sector of À180°to À90°GLON. The relative winds are mostly westward at almost all local times in other longitudes.
The middle and bottom rows in Figure 5 give the longitudinal variations of the zonal winds in the June solstice under medium and high solar activity conditions. A comparison of the large-scale pattern in the figure shows that the longitudinal structures of the zonal winds are mostly similar for different levels of solar activity in almost all regions. However, there exist some differences in the longitudinal patterns during high solar activity. For instance, in the midlatitude of the southern hemisphere (Figure 5e ), a westward wind peak occurs in the predawn at À180°to À30°GLON, which is not seen in other solar activity levels. In the equatorial region (Figure 5m ), a westward velocity peak occurs in the nighttime before 00 LT in À180°to À90°GLON. However, in the same region for low and medium solar activity conditions, the relative winds are very small and appear to be eastward. In this case, the effects of nonmigrating tides are weaker than those of the geomagnetic field configuration, as shown by our model simulations. Journal of Geophysical Research: Space Physics conditions, respectively. Comparing the longitudinal patterns in columns for different latitude bins, we can see again that there is little difference in the longitudinal patterns, indicating that solar activity does not significantly affect the longitudinal structure of zonal winds in the December solstice either. Therefore, the data under different solar activity levels in Figures 5 and 6 can be also binned together over the same region; the results from the combined data are shown in the middle (June) and bottom (December) panels in Figure 7 , respectively. Figure 7 shows that the overall longitudinal patterns of zonal winds in different seasons are similar to each other in the midlatitudes of both hemispheres, although some minor differences can be seen in the longitudinal structures, such as in the longitudinal sector of 90°GLON at 06 LT. In the EIA region of the northern hemisphere and for all seasons, the relative wind is westward in 0°to 90°GLON with a maximum magnitude of about 20 m/s for almost all LTs, except for the December solstice. In other longitudes the relative winds are mostly eastward. In the EIA region of the southern hemisphere, however, there is a seasonal difference in the longitudinal structure of the zonal winds. The longitudinal structure in the June solstice is very different from that in equinox and December. For instance, at À60°GLON and 09 LT, the relative wind is eastward in June, but westward in equinox and December solstice. The longitudinal pattern in the equatorial region is much more complicated than that in other latitudes, and the patterns are almost opposite between the June and December solstices, consistent with that reported by Häusler et al. (2007) , likely related to the geomagnetic activity strength and the seasonal variation of the nonmigrating DE3 component. For instance, at 00-06 LT and À90°GLON, the relative velocity is westward for a magnitude of about 60 m/s in the December solstice and eastward in the June solstice but has a similar magnitude.
Data-Model Comparison
The longitudinal structure of zonal winds simulated by the TIEGCM in equinox is shown in Figure 8 (case 1). In this case the model is run with the geomagnetic field specified by IGRF.
From top to the bottom, the rows correspond to the longitudinal patterns of zonal winds from low to high solar activity conditions. In Figure 8 , the model-simulated longitudinal structures of zonal winds are similar to those in CHAMP observations in equinox (Figure 4 ) for all solar activity conditions at middle latitudes. 
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For instance, in the midlatitudes of the southern hemisphere (Figure 8e ), they both have obvious diurnal variations. In À180°to 0°GLON, the relative velocity is westward in 00-12 LT and eastward in 12-00 LT, both in CHAMP observations and TIEGCM simulations. However, in the equatorial and EIA region (Figures 8b-8d) , the model-simulated zonal structures are different from the observations. For instance, during low solar activity and in the equatorial region, the longitudinal structures in the observations are complex (Figure 4c ) at 12-00 LT, while in the simulations (Figure 8c ), a four-peak longitudinal structures can be clearly seen. Those complex structures are possibly induced by averaging over different days with varying lower atmospheric waves and geomagnetic and solar activity forcing. Model and data have similar structures in some regions; for instance, the relative winds are eastward at À180°GLON and 00-06 LT in both simulations and observations. Differences can also be seen in other regions, such as the relative winds at 0°GLON and 18-24 LT are westward in simulations and eastward in observations. Figure 8 shows that there is little difference in the longitudinal variations of zonal winds under different solar activity conditions. The main differences of longitudinal structures of zonal winds exist in the equatorial latitudes. The magnitude of the four-peak structure decreases with increasing solar activity levels, related to the DE3 nonmigrating tides (Oberheide et al., 2009 ). Thus, model simulations are consistent with observations that solar activity has little influence on the longitudinal pattern of zonal winds at low and middle latitudes, although nonmigrating tides can lead to some solar cycle effects, especially in the equatorial region. The same conclusion is also true for June and December solstices (figures not shown). In our study, we mainly focus on the large-scale longitudinal variations of zonal winds, which do not show significant solar cycle dependence from both data and model results. Our results are not focused on the tidal signals, which could have solar cycle dependence, as previous studies showed . The effects of nonmigrating tides show solar cycle variability; however, their effects appear to be mainly in the equatorial region and are not the main cause for the longitudinal patterns of zonal winds at low and middle latitudes. Therefore, for simplicity, here we only investigate the longitudinal structures of zonal winds under high solar activity condition (Figures 9 and 12 ) to study the differences of zonal winds in different seasons under different geomagnetic field configurations. The effects of geomagnetic field configurations on wind are more pronounced during high solar activity (Wang & Lühr, 2016) . Note that the eastward and westward relative wind peaks in the simulations occur at a little earlier local time than those in the observations. The difference might be related to the fact that the observations are the accumulation of 121 days, not for only 1 day. Furthermore, at high solar activity and equinox, the velocity peaks in 00-06 LT and the midlatitude region of the southern hemisphere seem to shift westward in TIEGCM simulations (Figure 8o ). This may be related to the empirical specification of the auroral inputs in the TIEGCM, which is described in detail in (Roble & Ridley, 1987) . Because auroral precipitation and convection patterns in the TIEGCM are specified by empirical models, Joule heating and ion drag caused by high-latitude inputs might be different from those in real case. In addition, the energy input at high latitude is held constant in the simulation while it is varying in reality. Those may cause the deviation of modeled wind pattern from the observed one at middle latitudes. Figure 9 shows the modeled longitudinal patterns of zonal winds in different seasons at high solar activity. The panels from top to bottom are for equinox and June and December solstices, respectively. A comparison between Figures 7 (observations) and 9 (simulations) shows that the observed longitudinal patterns of zonal winds are reasonably reproduced by the TIEGCM in almost all the latitude regions in different seasons. Therefore, the model can be used to study the cause of the longitudinal structures seen in the data. In Figure 9 , the longitudinal patterns of zonal winds in equinox (top) and December (bottom) are similar to each other with differences existed in 00-12 LT of the EIA regions in the Northern Hemisphere and all LTs in the equatorial region, but they are a little different from those in June (middle). This is also seen in the observations. The major differences of the longitudinal patterns in June from those in other seasons appear in the equatorial and the EIA regions of the southern hemisphere. For instance, the relative wind in the equatorial region is westward at 00-06 LT and À180°to À90°GLON in the December solstice (Figure 9m ), but it is eastward in June (Figure 9h ). On the other hand, in Figure 9c , it shows a complicated four-peak structure at 00-06 LT during equinox. In almost all longitudes, the longitudinal variations in June are almost opposite to those in other seasons in terms of the direction of the relative winds for all local times. On the other hand, the magnitudes of the longitudinal patterns of zonal winds are roughly the same in different seasons in the same latitude region. The magnitude of the longitudinal structure is about 40-50 m/s in the midlatitudes,~30 m/s in the EIA regions, and~15 m/s in the equatorial region. Thus, the relative wind speed decreases toward lower latitudes.
Discussion
There are a number of physical mechanisms that can produce the longitudinal structures in zonal winds. These include the viscosity force, Coriolis force, ion drag, horizontal advection, and pressure gradient. In Figure 9 . Same as Figure 7 , but for Thermosphere Ionosphere Electrodynamics General Circulation model simulations (case 1) at high solar activity.
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In the equatorial region, the longitudinal structures of zonal winds in the observations (Figures 7c, 7h , and 7m) are more complex than those in the simulations (Figures 9c, 9h, and 9m ). This may be related to the fact that cross-track wind data observations are the accumulation of 121 days, not for only 1 day as in the model cases. For instance, a complicated longitudinal structure of zonal winds can be seen in the observations; this is more evident in the nighttime in equinox (Figure 7c ). On the other hand, a four-peak longitudinal structure of zonal winds can be seen in model simulations in the nighttime during equinox (see Figure 9c) . The strong DE3 nonmigrating tidal component from the lower atmosphere, which can lead to the four-peak longitudinal patterns in zonal winds (Oberheide et al., 2009; Wang & Lühr, 2016 Xiong et al., 2015) , is suggested to be caused by the latent heat release. The longitudinal patterns of zonal winds can modulate the ionospheric dynamo electric fields and have strong influence on the dynamics in the upper thermosphere. By using SABER and TIDI data to specify the lower boundary condition for the TIEGCM, the seasonal variations of the nonmigrating components of tides can be well resolved by the model.
In Figures 4-9 , the relative zonal winds are all presented in geomagnetic latitude and longitude coordinates.
There is a possibility that the winds may be uniform in geographic latitude coordinates but show a longitude variation due to the mapping from geographic latitude coordinates to geomagnetic latitude coordinates because the two coordinates are not aligned. Figure 10 shows the longitude versus local time patterns of relative zonal winds in the northern hemisphere in equinox at low solar activity. Figure 10a is for the geographic midlatitudes of 30°-50°, and Figure 10b is for the geomagnetic midlatitudes of 30°-50°. The patterns are roughly similar with respect to the large-scale longitudinal structures in the two plots, although the magnitudes of the winds are somewhat different. For example, there are some differences between the winds in different coordinates at 00-09 LT. The relative wind speeds at around À90°GLON in geomagnetic latitudes (Figure 10b ) are eastward, whereas they are westward in the geographic latitudes. We can see that zonal winds show longitudinal variations in both geomagnetic and geographic latitude coordinates. Thus, the longitudinal patterns of zonal winds seen in Figures 4-9 are true physical phenomena, not just the effects of coordinate transformation. Furthermore, the longitudinal structures in the geographic coordinates (Figure 10a ) include the effects of the geomagnetic coordinates, and in Figure 10b , it is the opposite. The midlatitude regions in the geomagnetic coordinate are different from those in the geographic coordinate. For example, the offset between the geographic equator and the geomagnetic equator can be larger than 15°i n the North American sector. Figure 11 shows the geographic latitude versus geographic longitude variation of zonal winds at 12 LT, over plotted with geomagnetic latitudes. It is evident from Figure 11 that the offset between geographic and geomagnetic latitudes of the same degrees varies with geographic longitude. Thus, in the same longitude bin, the geographic latitudes can be either higher or lower than geomagnetic latitudes. This may lead to the differences seen in Figure 10 between the longitudinal patterns of zonal winds in geographic and geomagnetic coordinates.
Furthermore, it is clear that there exists a strong local time variation of the longitudinal structures of zonal winds. For example, in Figure 10b between~À90°GLON and~90°GLON (region 1), the relative wind is eastward in the nighttime and westward in the daytime. This local time variation is opposite in the remaining longitude (region 2). The daytime wind is more eastward, and the nighttime wind is more westward, relative to the zonal mean winds. Thus, in the daytime, the eastward zonal winds are weaker in region 1 and stronger in the other longitudinal region. In the nighttime, the zonal winds are westward but weaker in region 1 and stronger in the other region. It appears that this change of the longitudinal pattern with LT is correlated with the geomagnetic field configuration. In region 1, the geomagnetic declination is westward, whereas in the other region, it is eastward (Finlay et al., 2010) . From TIEGCM outputs (not shown) we can see that both ion drag and pressure gradient effects are stronger in region 2 than in region 1. Thus, the longitudinal patterns of zonal winds may be driven by the longitudinal variations of these two parameters. Also note that both pressure gradient and ion drag have diurnal variations. The pressure gradient is largest at~14 LT that drives zonal winds to the east after~14 LT and west before~14 LT. On the other hand, nighttime ion drag is very small because of the low electron densities at night. Jones et al. (2013) suggested that the zonal wave number 1 structure between the relative positions of the geomagnetic equator and the geomagnetic equator can alias waves, which could also contribute to the local time dependence. The local time variations of the longitudinal patterns of zonal winds are thus also related to the temporal variations of driving forces,
Journal of Geophysical Research: Space Physics including ion drag and pressure gradient. A detailed study of the causes of the longitudinal variation of zonal winds and its local time dependence will be presented in a separate paper. On the other hand, there is a strong hemispheric asymmetry of the longitudinal variations of zonal winds. This may also be related to the different topological longitudinal structures of the geomagnetic field in the two hemispheres.
As the TIEGCM has captured most of the longitudinal variations of zonal winds seen in the data, it is possible to use the model to diagnostically investigate the cause of the longitudinal structures. To illustrate the effect of geomagnetic field configuration on the longitudinal structure of zonal winds, additional TIEGCM simulations have been carried out. We replace the IGRF geomagnetic field in the TIEGCM with a pure dipole geomagnetic field with its axis aligned with the Earth rotation axis (case 2), similar to previous studies (e.g., Dang et al., 2016; Doumbia et al., 2007; Zeng et al., 2008) . Figure 12 shows the longitudinal variations of zonal winds observed by the CHAMP satellite (Figures 12a and 12e) Figures 12d and 12h . The magnitude of the longitudinal structure of zonal winds is about 19-26 m/s, which is almost equal to that in case 1 (20-26 m/s). Note that the longitudinal structures in observations and simulations (case 1; case 1-case 2) are similar in large scale. In other latitudes in equinox, a similar conclusion can be also drawn (figures are not shown). We have also done simulations for other seasons and solar activity conditions, and we obtained the same results; that is, the weaker 4-peak longitudinal variations of the zonal winds exist in cases when the geomagnetic field is pure dipole and its axis is aligned with the Earth rotation axis, and the longitudinal patterns of zonal winds simulated by the TIEGCM in case 1 are similar to those observed by CHAMP. Therefore, the geomagnetic field structure is most likely the main cause of the zonal wave-1 longitudinal variations of zonal winds (e.g., Cnossen & Richmond, 2012; Wang & Lühr, 2016) , with some contributions from nonmigrating tides (Häusler & Lühr, 2009; Jones et al., 2013) . The peak magnitude of the observed longitudinal variations is about 40 m/s, whereas the longitudinal peak of zonal winds related to nonmigrating tides is found to be 3 m/s at high solar activity and 7 m/s at medium solar activity (Häusler Oberheide et al., 2009) . At the same geographic latitudes, the declination, inclination, and strength of the geomagnetic field are different at different longitude. Thus, ion drag can be different at different longitudes. Furthermore, the geomagnetic field can also significantly influence the distribution of the plasma in the ionosphere. There have been reports that the ionosphere electron density and plasma drifts also have large longitudinal variations (e.g., Maute et al., 2012; Su et al., 2015; Wang et al., 2015; Zhong et al., 2016) . These produce large longitudinal variations of ion drag over different latitudes and local times. On the other hand, as plasma collisional heating is the dominant heating mechanism for the neutrals in the upper thermosphere (Lei et al., 2014; Roble et al., 1982) , the longitudinal variations of plasma parameters can also introduce longitudinal variations to neutral temperature and thus pressure gradient. There are also other pathways to cause the longitudinal variations in the neutral atmosphere through ion-neutral interaction. Therefore, the thermospheric zonal wind can be modulated to have longitudinal structures. The exact processes that ion drag, pressure gradient, and other forcing mechanisms combine to result in the longitudinal structures in zonal winds are nonlinear and complicated. We will describe these processes in detail in a separate paper.
It is not easy to unambiguously separate the relative contributions of the upward-propagating tidal components and the in situ generated tidal components based on satellite observations. The nonmigrating tidal components can be generated in situ in the thermosphere through nonlinear tide-tide interactions and nonlinear tide-planetary wave interactions under the condition of the nondipole nature of the geomagnetic field (Jones et al., 2013; Oberheide et al., 2011) . In addition, the ionospheric ion drag exhibits longitudinal variations due to the longitudinal variations of the electron density, which were caused by the geomagnetic field geometry, solar illumination, thermosphere neutral winds, and high latitude auroral heating (Wang & Lühr, 2016) . The ion drag on the neutral motion can also develop nonmigrating features in the neutral zonal winds. Thus, the relative importance of the upward-propagating and in situ processes in the longitudinal modulation of the zonal winds at both magnetic midlatitudes and in the equatorial regions can be studied by using model simulations, which is beyond the scope of the current work and will be the topic for future work.
Note that in case 1 (Figure 9 ), the longitudinal patterns in June are different from those in other seasons. This can also be seen in CHAMP observations (Figure 7 ). This seasonal variation may be related to the seasonal variations of a number of parameters. For example, there are large seasonal changes in neutral composition. Neutral composition changes can influence ionospheric electron density and thus neutral zonal winds through ion-neutral interaction. The seasonal thermospheric O/N 2 ratio changes can be driven by the seasonal variation of eddy diffusion in the mesopause region (Qian et al., 2009) . A large eddy diffusion can transport atomic oxygen downward and molecular species upward to increase the mixing of the atmosphere. The Sun-Earth distance difference between the June and December solstices can also contribute to the O/N 2 seasonal change mainly via photochemical processes (Dang et al., 2017) . Furthermore, nonmigrating tides also show a seasonal variation (Häusler et al., 2013) . The DE3 component of zonal wind in the equatorial region is the largest in September. This can also contribute to the seasonal longitudinal variation of zonal winds. A detailed study on the seasonal change of the longitudinal variations of zonal winds will be carried out in future work.
Summary
Based on 9 years (2001-2009) of cross-track wind data from the CHAMP satellite and simulations from the TIEGCM under different geophysical conditions and geomagnetic field configurations, we have investigated the longitudinal variations of thermospheric zonal winds. The main findings of this work are as follows:
1. There are large longitudinal variations of thermospheric zonal winds from middle latitudes to the equatorial regions in both hemispheres. These variations are caused most likely by the geomagnetic field configuration. Nonmigrating tides may also contribute to the longitudinal variations of zonal winds in the equatorial region. 2. Solar activity has little influence on the longitudinal variations of zonal winds at low and middle latitudes. 3. The changes of the longitudinal pattern with local time are correlated with the geomagnetic field configuration. In the daytime, the relative wind speed is westward in the longitude region of À90°to 90°GLON and eastward in other longitudes. However, it shows an opposite structure in the nighttime. This local time dependence of the longitudinal variation of zonal winds may be related to the temporal variations of the ion drag and pressure gradient. 4. There is a hemispheric asymmetry in the longitudinal structures of zonal winds. For instance, in the midlatitude region, the nighttime relative wind speed is westward in the region of À90°to 90°GLON and eastward in other longitudes in the northern hemisphere. This longitudinal structure, however, is reversed in the southern hemisphere. The hemispheric asymmetry is the results of the different topological structure of the geomagnetic field in the two hemispheres. 5. Both the observations and simulations show that the longitudinal structures of zonal winds have seasonal variations. The longitudinal structures of zonal winds in equinox are similar to those in the December solstice but different from those in the June solstice. The cause of this seasonal variation requires further study. It may be related to the seasonal variations of a number of processes, for example, the seasonal changes of neutral composition driven by the seasonal changes of lower atmospheric eddy diffusion, Sun-Earth distance, and nonmigrating tides. The present work shows that there are large longitudinal variations in thermospheric zonal winds and that geomagnetic field structure is a plausible cause of these variations. The exact physical processes by which the geomagnetic field configuration produces the longitudinal structures of zonal winds will be investigated in detail using the TIEGCM in future work.
